A plant-derived in vitro system for the study of cotranslational processing of plant endomembrane proteins has been developed and used to investigate cotranslational proteolytic processing of tomato proteinase inhibitor 1. Translation of the inhibitor I precursor in wheat germ lysate supplemented with barley aleurone microsomal membranes resulted in cotranslational import of the protein into microsomal vesicles and cleavage of the signal sequence. NH2-terminal sequence analysis of the translocated inhibitor I processing intermediate showed that the signal sequence was cleaved between Ala23 and Arg24 of the precursor protein. Parallel experiments using dog pancreas microsomal membranes indicated an identical site of cleavage, suggesting that the substrate determinants for signal sequence processing are conserved across kingdoms. The plant-derived processing system used for this study may be valuable for analysis of cotranslational processing of other plant preproteins and for characterizing the components of the cotranslational import machinery in plants. The "signal hypothesis" (4) proposed that the first step in entry of proteins into the endomembrane pathway in eukaryotic cells is mediated by an NH2-terminal "signal sequence" that directs cotranslational insertion of the protein into the ER, with removal of the signal sequence. Statistical analyses of signal sequences from a range of organisms have revealed structural features common to all signal sequences and yielded rules that can be applied to predict sites of cotranslational proteolytic processing (24) (25) (26) (27) . However, these analyses have included none (24) have relied heavily on the use of cell-free translation systems supplemented with microsomal membranes derived almost exclusively from canine pancreas (reviewed in ref. 20). Only a few studies (5, 7, 12, 23) have made use of plant-derived microsomes for studying signal sequence processing and cotranslational import of plant preproteins. Although the ability of mammalian microsomes to import and process plant preproteins (8, 12, 13, 21) indicates that the mechanisms involved are similar in plants and animals, it is likely that details of these processes, particularly the specificities of the participating recognition factors and enzymes, differ among kingdoms. Indeed, it has been reported that in vitro processing of a yeast secretory preprotein occurred only in the presence of microsomes isolated from yeast and not from canine pancreas (3).
protein into microsomal vesicles and cleavage of the signal sequence. NH2-terminal sequence analysis of the translocated inhibitor I processing intermediate showed that the signal sequence was cleaved between Ala23 and Arg24 of the precursor protein. Parallel experiments using dog pancreas microsomal membranes indicated an identical site of cleavage, suggesting that the substrate determinants for signal sequence processing are conserved across kingdoms. The plant-derived processing system used for this study may be valuable for analysis of cotranslational processing of other plant preproteins and for characterizing the components of the cotranslational import machinery in plants.
The "signal hypothesis" (4) proposed that the first step in entry of proteins into the endomembrane pathway in eukaryotic cells is mediated by an NH2-terminal "signal sequence" that directs cotranslational insertion of the protein into the ER, with removal of the signal sequence. Statistical analyses of signal sequences from a range of organisms have revealed structural features common to all signal sequences and yielded rules that can be applied to predict sites of cotranslational proteolytic processing (24) (25) (26) (27) . However, these analyses have included none (24) or only a few (25, 26) signal sequences from plant endomembrane proteins. Thus, although plant signal sequences generally conform to the rules of other eukaryotic signal sequences (16, 19, 28) , their predicted sites of cleavage have been defined largely with reference to nonplant signal sequences. Furthermore, experimental studies of signal sequence processing and cotranslational import, as well as dissection of the components of the processing apparatus, have relied heavily on the use of cell-free translation systems supplemented with microsomal membranes derived almost exclusively from canine pancreas (reviewed in ref. 20) . Only a few studies (5, 7, 12, 23) have made use of plant-derived microsomes for studying signal sequence processing and cotranslational import of plant preproteins. Although the ability of mammalian microsomes to import and process plant preproteins (8, 12, 13, 21) indicates that the mechanisms involved are similar in plants and animals, it is likely that details of these processes, particularly the specificities of the participating recognition factors and enzymes, differ among kingdoms. Indeed, it has been reported that in vitro processing of a yeast secretory preprotein occurred only in the presence of microsomes isolated from yeast and not from canine pancreas (3) .
In this report, we describe an in vitro import and processing system derived entirely from plant tissues for studying cotranslational processing of plant endomembrane proteins. The system is composed of a wheat germ lysate to direct in vitro translation coupled with microsomal membranes isolated from barley aleurone layers to effect cotranslational import and processing. Our purpose in developing this system was to determine the site ofsignal sequence cleavage in tomato proteinase inhibitor I, a wound-inducible vacuolar protein of tomato leaves (1 1, 22), as a prelude to future studies of the intracellular transport and maturation of this protein. The inhibitor I cDNA (10) encodes a precursor of 11 1 amino acids that contains, in addition to the expected signal sequence, an NH2-terminal propeptide that is removed before maturation of the protein. Based on the predicted site of signal sequence cleavage and the known NH2-terminal sequence ofthe mature protein, it has been postulated that the inhibitor I propeptide is 19 amino acids in length (10) . Because we are interested in the function of the propeptide, we wished to verify experimentally the precise boundaries of this domain by determining the site of signal sequence cleavage in a plant-derived in vitro processing system.
To characterize the plant processing system and define the inhibitor I signal sequence cleavage site, we compared cotranslational processing of inhibitor I by both barley aleurone and canine pancreas microsomal membranes to determine whether the two systems generate the same cleavage site. Although it has been shown previously that plant preproteins are processed similarly by plant and animal membranes (12) The template for in vitro transcription ofinhibitor I mRNA was prepared by linearizing pTIT7 with XbaI downstream from the insert. Transcription reactions were carried out as described previously (8) .
Microsomal Membranes
The microsomal membranes used for in vitro processing were derived from either canine pancreas or barley aleurone layers. Nuclease-treated canine pancreatic microsomes were purchased from Amersham. A blank solution with K+ and Mg2" concentrations equal to those in the membrane preparation was provided by the manufacturer for use in control reactions.
Barley aleurone membranes were prepared as described by Bush et tration of each reaction to 1.2 mM, and 17.5 ML of rabbit reticulocyte lysate (Promega) were combined in the order listed and added to the tubes containing the RNA. The reactions were incubated for 60 min at 30°C and then placed on ice. Incorporation was determined by measuring the TCAprecipitable radioactivity in a 1-,ML sample from each reaction.
Following translation, samples of the reaction mixtures were treated with 0.5 Mg/ML of proteinase K (Sigma) in the absence or presence of 1% Triton X-00. After the mixture was incubated at 0°C for 1 h, PMSF was added to a concentration of 10 mM to inhibit the protease. Translation products were analyzed by SDS-PAGE on 32-cm-long, 10 to 18% acrylamide gradient gels followed by fluorography.
In Vitro Translation and Cotranslational Processing in Wheat Germ Lysate
A wheat germ supernatant for cell-free translation (denoted as wheat germ lysate) was prepared, and translations were carried out according to the method of Anderson et al. (1) except that the total K+ and Mg2" concentrations were adjusted as indicated by the addition of potassium acetate or magnesium acetate. Reactions contained 9 ,L of wheat germ lysate and 5 ML of barley aleurone membranes or 5 MuL of the blank solution. The total reaction volume was 30 ,L. Denaturation of RNA, addition of membranes or blank solutions, reaction time and temperature, protease treatments, and analysis of products were as described above, except that translation products were usually separated on 18-cm-long gels.
NH2-Terminal Sequence Analysis
Reactions for radiosequencing of in vitro translated inhibitor I were carried out in rabbit reticulocyte lysate in the presence of canine pancreatic microsomes or in wheat germ lysate in the presence of barley aleurone microsomes. Reaction conditions were as described above, except that reaction volumes were scaled up severalfold. K+ and Mg2+ concentrations were adjusted to 80 and 1.4 mM, respectively, including contributions from the membranes and lysate, by the addition of potassium acetate and magnesium acetate. Translation products were labeled with L-[4,5-3H]isoleucine. Following translation, a sample of each reaction was removed for incorporation assays and analysis by SDS-PAGE and fluorography. To separate membrane-associated processing intermediates from the unprocessed precursor, the reaction mixture was diluted by the addition of 0.5 to 1.0 mL of cold PBS, and the membranes were pelleted by centrifugation in an Eppendorf microcentrifuge at 0°C for 30 min. Samples were prepared for radiosequence analysis as follows. For the canine pancreas-processing experiment, the protein in the membrane pellet was precipitated in 80% acetone and washed three times by alternately homogenizing the pellet in 80% acetone using a glass homogenizer and centrifuging at 23,000g in a swinging bucket rotor. The final pellet was dried under vacuum and subjected to automated sequential Edman degradation. The radioactivity released in each cycle was determined by liquid scintillation counting.
For the aleurone-processing experiments, the membrane pellet was resuspended in cold PBS, centrifuged again, resuspended in freshly made electrophoresis sample buffer, and electrophoresed on a 10 to 18% polyacrylamide gel according to the method ofLaemmli (17) . Both the running and stacking gels were polymerized overnight at room temperature, and the upper buffer reservoir contained 0.1 mM sodium thioglycolic acid (Sigma) (14) . The separated proteins were electroblotted to a polyvinylidene difluoride membrane (Immobilon-P; Millipore) (18) in 10 mm 3-(cyclohexylamino)-1-propanesulfonic acid (Fisher), 10% HPLC grade methanol for 1 h at 100 V. The membrane was washed with water and dried at room temperature, and the labeled proteins were detected by direct autoradiography. The band containing the processed form of inhibitor I was excised from the membrane and subjected to automated sequential Edman degradation followed by scintillation counting as described above. The autoradiograph indicated that a small amount of unprocessed precursor protein was still present in the membrane pellet; this band was also excised from the membrane and sequenced similarly. RESULTS 
Cotranslational Processing of Proteinase Inhibitor I
The products of inhibitor I translation in the absence and presence of microsomal membranes are shown in Figure 1 In the absence of membranes, both the 8-and 5.5-kD translation products were degraded by posttranslational treatment with proteinase K (lanes 3 and 9) . In the presence of both barley aleurone and canine pancreas membranes, a larger proportion of radiolabeled protein migrated as a 5.5-kD band (lanes 4 and 10) , and a portion of this was protected from degradation by protease (lanes 5 and I 1) except in the presence of detergent (lanes 6 and 12) . These results indicate that in both systems a 5.5-kD polypeptide was sequestered in ER vesicles present in the membrane preparations and was accessible to protease only if the membranes were solubilized in detergent. The decreased molecular mass of the proteaseprotected translation product was consistent with removal of the signal sequence. Because mature inhibitor I has an apparent molecular mass of about 4 kD in this gel system (not shown), the protease-protected, 5. Figure 2 . For by barley aleurone and canine pancreas microsomal membranes. the 8-kD unprocessed precursor, peaks of radioactivity were Lanes 1 to 6, Processing by barley membranes in wheat germ lysate; detected in cycles 8 and 9 ( Fig. 2A) , which corresponds to the lanes 7 to 12, processing by canine membranes in reticulocyte lysate.
expected positions of isoleucine residues in the full-length Inhibitor I in vitro transcript (1 ,ug) was translated in the absence precursor protein encoded by the cDNA (bottom of A and Identical results were obtained for the 5.5-kD intermediate obtained in the presence of canine pancreas membranes (C). Thus, identical molecular forms of inhibitor I were generated by in vitro processing using both the plant and animal microsomes. These results confirm the predicted site of signal sequence cleavage (10) and allow precise assignment of the inhibitor I processing domains. These domains are the signal sequence, which spans amino acids 1 through 23, the propeptide, spanning residues 24 through 42, and the mature protein that begins at residue 43 (Fig. 2D) .
DISCUSSION
The results of the NH2-terminal sequence analysis indicate a single site of signal sequence processing for tomato proteinase inhibitor I. In a similar experiment on sporamin A, a vacuolar storage protein of sweet potato, cotranslational processing by canine pancreatic microsomes yielded what appeared to be two NH2-terminal sequences, suggesting the possibility of heterogeneous processing of the sporamin signal sequence by canine microsomes (12) . The results presented here for inhibitor I processing, which were obtained with two different cotranslational processing systems, were unambiguous with regard to the site of inhibitor I signal sequence cleavage. This suggests that the processing site identified in vitro for both systems accurately reflects the cotranslational processing of inhibitor I in vivo.
The inhibitor I processing results also provide further information concerning the maturation of this protein. The retention of the propeptide following cotranslational removal of the signal sequence suggests that the proteolytic processing of the inhibitor I propeptide is a posttranslational event that occurs subsequent to transport from the ER. Posttranslational proteolytic processing of propeptides positioned on the COOH-terminal side of the signal sequence has been demonstrated or implicated for a large number ofplant endomembrane proteins (2) . The barley aleurone processing system provides a plant-based tool for experimental analysis of such propeptides in plant proteins.
Based on statistical analysis of a large number of eukaryotic signal sequences, von Heijne (24) proposed that the substrate specificity of signal peptidase is governed by the amino acids at positions -1 and -3 of the signal sequence, which are nearly always small, neutral amino acids. Folz et al. (9) tested experimentally the requirements for the amino acid at position -1 in a mammalian signal sequence by assessing the effects of 13 different amino acid substitutions at this position on the site of cleavage by mammalian microsomes. The ranking of the best substrates at position -1 generally agreed with the statistical ranking in von Heijne's analysis. This is not unexpected because most of the signal sequences in the statistical study were from animal proteins. The data presented here indicating identical cleavage of the inhibitor I signal sequence by both plant and animal membranes suggest that signal peptidase substrate specificity is evolutionarily conserved across eukaryotic kingdoms. This hypothesis can be tested directly by combining a strategy similar to that of Folz et al. (9) with the barley aleurone processing system to analyze in detail the specificity requirements for signal sequence cleavage in plants.
In previous studies, plant-derived microsomes usually have been used to study cotranslational processing of preproteins from the same species as that from which the microsomes were isolated. For example, maize endosperm microsomes have been used to study processing of zeins (5, 23) , barley endosperm microsomes have been used to examine processing ofhordeins (7) , and sweet potato and potato tuber microsomes have been used to study processing of sporamin (12) . The heterologous nature of the plant processing system described here, which uses a wheat germ translation system coupled with barley aleurone microsomal membranes to process a tomato protein, indicates that the system may have wide applicability in the analysis of cotranslational proteolytic processing ofother plant preproteins. In addition, preliminary analysis suggests that the barley microsomes are also capable of effecting core glycosylation (data not shown), suggesting that this in vitro system could complement the use of in vivo pulse-labeling studies to characterize processing intermediates of plant glycoproteins. Barley aleurone layers, which are extremely active in secretion of hydrolytic enzymes (15) , in combination with the wheat germ translation system, may also provide an excellent source of material for dissection of the cotranslational processing apparatus in plant cells.
